The INTERFASCICULAR FIBERLESS/REVOLUTA (IFL1/REV) gene is essential for the normal differentiation of interfascicular fibers and secondary xylem in the inflorescence stems of Arabidopsis. It has been proposed that IFL1/REV influences auxin polar flow or the transduction of auxin signal, which is required for fiber and vascular differentiation. Assay of auxin polar transport showed that the ifl1 mutations dramatically reduced auxin polar flow along the inflorescence stems and in the hypocotyls. The null mutant allele ifl1-2 was accompanied by a significant decrease in the expression level of two putative auxin efflux carriers. The ifl1 mutants remained sensitive to auxin and an auxin transport inhibitor. The ifl1-2 mutant exhibited visible phenotypes associated with defects in auxin polar transport such as pin-like inflorescence, reduced numbers of cauline branches, reduced numbers of secondary rosette inflorescence, and dark green leaves with delayed senescence. The visible phenotypes displayed by the ifl1 mutants could be mimicked by treatment of wild-type plants with an auxin polar transport inhibitor. In addition, the auxin polar transport inhibitor altered the normal differentiation of interfascicular fibers in the inflorescence stems of wild-type Arabidopsis. Taken together, these results suggest a correlation between the reduced auxin polar transport and the alteration of cell differentiation and morphology in the ifl1 mutants.
Fiber cells, a sclerenchyma tissue, typically are long in shape and have thick secondary wall. They can be differentiated from meristematic cells such as procambium and vascular cambium or from nonmeristematic parenchyma cells such as cortex and mesophyll cells. According to their origins and locations, fiber cells are classified into xylary or extraxylary fibers (Mauseth, 1988) . Because of their easy identification on the basis of thick secondary walls, fibers have traditionally been used as a model for studying cell differentiation. Early physiological studies have demonstrated that auxin polar flow is essential for fiber differentiation (Aloni, 1987) . However, little is known about the molecular mechanisms controlling the auxin flow paths that induce fiber differentiation.
Sachs (1972) and Aloni (1976 Aloni ( , 1978 have pioneered the physiological studies of fiber differentiation. They have found that the signals required for the induction of fiber formation derive from young leaves and flow polarly in the basipetal direction. It has subsequently been shown that the plant hormone auxin can substitute young leaves for induction of fiber differentiation, suggesting that auxin polar flow determines fiber differentiation (Aloni, 1979) . In addition to auxin, two other plant hormones, gibberellins and cytokinins, are also shown to be essential for induction of fiber differentiation (Aloni, 1979 (Aloni, , 1982 Saks et al., 1984) . In summary, these early physiological studies have clearly established that fiber cells are induced along the paths of auxin polar flow, and the induction of fiber differentiation requires three plant hormones, auxin, gibberellins, and cytokinins (Aloni, 1987) .
Physiological and genetic studies have uncovered the molecular mechanisms controlling auxin polar transport (Lomax et al., 1995; Estelle, 1998; Palme and Gälweiler, 1999) . It has been shown that auxin efflux carriers are located at the basal ends of cells, and are responsible for the basipetal flow of auxin in stems (Jacobs and Gilbert, 1983; Gälweiler et al., 1998) . The carriers are thought to be composed of at least two separate polypeptides on which the sites for auxin efflux and N-(1-naphthyl) phthalamic acid (NPA) binding are located (Wilkinson and Morris, 1994; Dixon et al., 1996) . Two genes encoding auxin efflux carriers have recently been cloned in Arabidopsis. The PIN-FORMED (PIN1) gene is shown to be highly expressed in vascular parenchyma cells. Within the cells, PIN1 is shown to be specifically localized at the basal ends, which is consistent with the expected function of an auxin efflux carrier (Gälweiler et al., 1998) . Mutation of the PIN1 gene results in a pin-like inflorescence and altered vascular differentiation, indicating its important roles in the inflorescence and vascular development (Okada et al., 1991; Gälweiler et al., 1998) . The alterations associated with the pin1 mutation can be mimicked by growing wild-type Arabidopsis in the presence of auxin polar transport inhibitors (Okada et al., 1991) . The other auxin efflux carrier AGR/EIR1/PIN2 has been shown to be responsible for root gravitropism (Chen et al., 1998; Luschnig et al., 1998; Mü ller et al., 1998; Utsuno et al., 1998) . In addition to these two well-characterized auxin efflux carriers, a number of genes showing high sequence homology to PIN1 have been revealed by the Arabidopsis genome sequencing project. It has been proposed that different auxin efflux carriers play roles in different aspects of plant growth and development (Estelle, 1998) . However, none of these auxin polar transport carrier genes has yet been shown to be involved in fiber differentiation.
Since auxin polar transport is essential for the induction of fiber differentiation, it is reasonable to postulate that mutants with alterations in auxin polar transport may abolish normal fiber differentiation. However, none of the available Arabidopsis mutants with defects in auxin polar transport has been shown to disrupt fiber differentiation. The majority of these mutants has been found to affect vascular differentiation such as pin1 (Gälweiler et al., 1998) , mp (Przemeck et al., 1996; Hardtke and Berleth, 1998) , and lop1/trn1 (Carland and McHale, 1996; Cnops et al., 1996) . The MONOPTEROS gene has been shown to encode a transcription factor binding to auxin responsive elements (Hardtke and Berleth, 1998) . Other mutants such as pinoid and tir3 have been implicated in diverse plant morphological development (Bennett et al., 1995; Ruegger et al., 1997) . The PINOID gene has been shown to encode a Ser-threonine protein kinase, which negatively regulates auxin signaling (Christensen et al., 2000) . The Athb-8 gene has been found to be expressed in provascular cells in Arabidopsis (Baima et al., 1995) , but it is not known whether it is involved in auxin polar transport. Although all these Arabidopsis mutants are defective in auxin polar transport in the inflorescence stems, they exhibit different tissue-or development-specific phenotypes, further supporting the hypothesis that different auxin polar transport machinery mediates various aspects of plant growth and development. It also indicates that the regulation of auxin polar flow responsible for fiber differentiation is mediated by a specific auxin polar transport mechanism.
Arabidopsis has been used as a model for studying fiber differentiation. The inflorescence stems of Arabidopsis develop xylary fibers and extraxylary fibers. The extraxylary fibers differentiate between the interfascicular regions and provide mechanical support to the stems. Typically, three to four layers of interfascicular fiber cells next to the endodermis form simultaneously, and they are easily recognized by simple histological staining. By screening ethyl methanesulfonate-mutagenized populations of Arabidopsis, we have found the ifl1 mutant with lack of normal differentiation of interfascicular fibers (Zhong et al., 1997) . The ifl1 mutation has also been shown to affect the secondary xylem differentiation in the vascular bundles (Zhong and Ye, 1999) . In addition to the disruption of normal differentiation of interfascicular fibers, ifl1-1 mutation causes a number of visible phenotypes such as long stems, dark green leaves with delayed senescence, and reduced numbers of cauline branches and secondary rosette inflorescence (Zhong et al., 1997) . The IFL1 gene has been cloned and shown to encode a homeodomain Leu-zipper (HD-ZIP) protein (Zhong and Ye, 1999) . It was found that mutations in this HD-ZIP protein (Ratcliffe et al., 2000) are responsible for the revoluta (rev) mutant phenotype with downward curling leaves (Talbert et al., 1995) . The rev mutant displayed altered development of apical meristems and enlarged organs. The diverse phenotypes displayed by mutations of the HD-ZIP protein indicate that the protein might be involved in multiple processes of plant growth and development. Or, the HD-ZIP protein might affect a specific process such as auxin polar transport, which could lead to these multiple visible phenotypes.
Because many of the visible phenotypes exhibited by ifl1-1 mutation are related with processes regulated by auxin, we have proposed that alterations of auxin flow or its signaling pathway might be responsible for the defect of fiber differentiation and visible phenotypes (Zhong et al., 1997; Zhong and Ye, 1999) . In this study we report the analysis of auxin polar transport activity in ifl1, and we compare the ifl1 phenotypes with those of pin1 and the wild type treated with the auxin polar transport inhibitor NPA. We show that ifl1 mutations dramatically reduce auxin polar flow in the inflorescence stems and hypocotyls, and ifl1-2, which exhibits strong phenotypes, has the most dramatic reduction in auxin polar transport. We also show that the ifl1 visible phenotypes can be mimicked by treatment of the wild type with NPA. Based on these findings we propose that the ifl1 mutations cause a reduction in auxin polar transport in the interfascicular and vascular regions, which leads to alterations in the differentiation of interfascicular fiber and secondary xylem, and the overall reduction of auxin polar flow along the inflorescence stems results in most of the ifl1 visible phenotypes.
RESULTS

Auxin Polar Transport Activity in the ifl1 Mutants
The ifl1 mutations disrupted the normal differentiation of interfascicular fibers in inflorescence stems (Fig. 1 ). In the wild type, four layers of interfascicular cells next to the endodermis differentiated into fiber cells (Fig. 1A ). In the ifl1 mutants, the same four layers of cells next to the endodermis remained parenchymatous ( Fig. 1, B and C). To investigate whether IFL1/REV might control the differentiation of interfascicular fibers by affecting auxin polar flow along the inflorescence stems we analyzed the auxin polar transport activity in ifl1 stems (Fig. 2) . Top parts of the inflorescence stems that lacked interfascicular fibers were used for the assay to eliminate any possible effects of interfascicular fibers on auxin polar transport. In the wild-type stem segments, auxin was detected in the distal ends of segments after 4 h incubation, and the level of auxin in the distal ends continued to increase between 4 and 30 h of incubation period ( Fig. 2A ). In contrast, in ifl1-1 auxin was barely detectable in the distal ends after 6 h of incubation. Although more auxin was transported to the distal ends of the ifl1-1 segments with an increase of incubation time, the maximum auxin level in the distal ends was only approximately 65% that of the wild type. More dramatic effect on the reduction of auxin polar transport was seen in ifl1-2, which was a null mutant (Zhong and Ye, 1999) . In ifl1-2, a very low level of auxin was detected in the distal ends even after 20 h of incubation. The maximum auxin level in the distal ends of the ifl1-2 segments after 30 h of incubation only reached approximately 30% that of the wild type ( Fig.  2A ). The auxin polar transport inhibitor NPA almost completely inhibited the auxin polar transport in the stems of the wild type and ifl1 mutants (data not shown). Little acropetal transport of auxin was detected in the stems of the wild-type (45 cpm at 48 h) and the ifl1 mutants (36 cpm at 48 h). These results demonstrate that a significant reduction in the auxin polar flow occurs in the stems of ifl1 mutants.
To exclude the possibility that the reduction in auxin polar transport in the ifl1 stems might be caused by alterations of tissues and morphology of stems, we examined the auxin transport activity in the ifl1 hypocotyls that did not show any apparent abnormality in cell organization and morphology. Because of the difficulties in handling the small size of hypocotyls, we assayed the auxin efflux rate by measuring the amount of auxin retained inside hypocotyl cells after a certain period of incubation in the solution containing auxin. It is expected that if the auxin efflux rate in the ifl1 mutants was reduced, the ifl1 hypocotyl cells should retain more auxin than the wild-type cells. The results showed that the ifl1 mutations dramatically reduced auxin efflux rate in the hypocotyl cells ( Fig. 2B ). The ifl1-1 and ifl1-2 mutants retained 34% and 49% more auxin compared with the wild type. The wild-type and ifl1 mutants retained the same amount of auxin in the presence of NPA ( Fig. 2B) , indicating that the ifl1 hypocotyls remain sensitive to NPA. This suggests that the ifl1 mutations cause a marked reduction in the auxin polar transport activity independent of alterations of cell organization and morphology.
It has been shown that NPA inhibits auxin polar transport through binding to the NPA-binding protein, which may be part of the auxin efflux carrier stained with toluidine blue for anatomy. A, Section from the wild type showing the presence of four layers of interfascicular fibers located next to the endodermis. B, Section from ifl1-1 showing the interfascicular cells (arrow) next to the endodermis, which were normally destined to be fibers remained parenchymatous. However, ectopic sclerification occurred in some interfascicular cells (arrowhead), which were normally not destined to be sclerified. C, Section from ifl1-2 showing lack of any sclerified cells in the interfascicular region. co, Cortex; e, endodermis; if, interfascicular fiber; pi, pith; x, xylem. Bar (A) ϭ 5 m (A-C). (Dixon et al., 1996) . Genetic analysis has demonstrated that reduced NPA binding to plasma membranes is associated with reduced auxin polar transport activity (Ruegger et al., 1997) . To investigate whether the reduced auxin polar transport activity in ifl1 stems was associated with any alterations in NPA-binding activity we analyzed the NPA-binding activity in ifl1-1 (Fig. 2C) . The NPAbinding activity to the plasma membranes from wildtype and ifl1-1 stems increased linearly between 1 and 10 nm NPA. However, NPA binding to the plasma membranes from ifl1-1 remained less than 60% that of the wild type ( Fig. 2C) . These results indicate that the ifl1 mutation alters auxin polar transport and NPA-binding activity.
Figure 2.
Auxin polar transport and NPA-binding activity in the wild type (WT) and ifl1. A, Time course of auxin polar transport activity in the inflorescence stems of wild type and ifl1. ifl1-1 and ifl1-2 mutants showed a dramatic reduction in the auxin polar transport activity compared with the wild type. Data are the mean values Ϯ SE of 15 plants. B, Auxin efflux in the hypocotyls of the wild type and ifl1. Auxin efflux rate in hypocotyl cells was measured by the retention of the amount of [ 3 H] indole-3-acetic acid (IAA) in the presence or absence of NPA. The ifl1 mutants showed more retention of IAA compared with the wild type. Data are the mean values Ϯ SE of four replicates. C, 3 H-NPA binding to plasma membranes prepared from the wild-type and ifl1-1 stems. Plasma membranes isolated from stems were incubated with various concentrations of 3 H-NPA. Background binding activity was determined by addition of unlabeled NPA. The amount of 3 H-NPA bound shown in the figure is the specific binding activity that was calculated by subtracting the background binding activity from total binding activity. ifl1-1 had a significant decrease in the NPA-binding activity compared with the wild type. Data are the mean values Ϯ SE of three assays. Expression levels of PIN1 and other putative auxin efflux carrier genes in the wild type (WT) and ifl1 mutants. Total RNA isolated from stems or 2-week-old seedlings of the wild type and ifl1 mutants was used to analyze the expression levels of different genes by reverse transcriptase-(RT) PCR. The experiments were repeated three times and identical results were obtained. The expression level of ubiquitin (UBQ) gene was used as a control to confirm that equal amount of RNA was used for RT-PCR. The expression levels of PIN1, PIN6, PIN7, and PIN8 were similar in the stems and seedlings of the wild-type and ifl1 mutant, whereas the expression level of PIN3 and PIN4 was significantly reduced in ifl1-2 compared with the wild type.
Figure 4.
Effects of NAA and NPA on the root growth of the wild type (WT) and ifl1 mutants. A, Display of the seedlings of the wild type and ifl1 mutants grown in agar medium containing no NAA or 1 M NAA. NAA reduced root growth of wild-type and ifl1 mutants. B, Display of the seedlings of the wild-type and ifl1 mutants grown in agar medium containing no NPA or 6 M NPA. NPA inhibited the downward growth and curling of roots of the wild-type and ifl1 mutants. 
Expression of Putative Auxin Efflux Carrier Genes in ifl1
The finding that the ifl1 mutations caused reduced auxin polar transport prompted us to examine whether ifl1 mutations affect the gene expression of any auxin efflux carriers. The PIN1 and AGR/EIR1/ PIN2 genes have been shown to encode auxin efflux carriers (Palme and Gälweiler, 1999) . A search of the database identified five additional PIN homologs. We analyzed the expression patterns of PIN1 and its homologous genes in the stems and seedlings of the wild-type and ifl1 mutants ( Fig. 3 ) except AGR/EIR1/ PIN2, which was shown to be mainly expressed in roots (Palme and Gälweiler, 1999) . The expression levels of PIN1, PIN6, PIN7, and PIN8 genes were similar between the wild-type and ifl1mutants. However, a significant decrease in the expression levels of PIN3 and PIN4 genes was seen in the ifl1-2 mutant (Fig. 3 ). This indicates that the dramatic reduction in auxin polar transport in the null mutant allele ifl1-2 is accompanied with a decrease in the expression of two putative auxin efflux carrier genes.
Sensitivity of the ifl1 Mutants to Auxin and NPA
To investigate whether the ifl1 mutations altered the sensitivity to auxin, which might then cause the phenotypic changes, we assayed the ability of the ifl1 mutants in response to auxin. The results showed that the ifl1 roots remained sensitive to low levels of naphthylacetic acid (NAA; Fig. 4A ). Quantitative analysis showed that NAA at 0.1 and 1 m caused 60% and 90%, respectively, of inhibition of root growth in the wild-type and ifl1 mutants (Fig. 5 ). The ifl1 roots were also sensitive to NPA treatment (Fig.  4B ). NPA treatment caused the roots of the wild-type and ifl1 mutants unable to grow downward into the agar medium, probably due to alterations of gravitropic response. In addition, the roots of the wildtype and ifl1 mutants grew in a relatively more straight pattern in the presence of NPA compared with the curling roots without NPA treatment (Fig.  4B ). Taken together, these results suggest that the phenotypic changes caused by the ifl1 mutations are unlikely a direct result of alterations of auxin response or NPA sensitivity.
Visible Phenotypes Associated with the Reduced Auxin Polar Transport in ifl1
It has been shown that a reduction in auxin polar transport in the inflorescence stems of pin1 results in a pin phenotype, i.e. abortion of floral structures and attenuation of inflorescence meristem growth (Okada et al., 1991) . Because the ifl1 mutations caused a reduction in auxin polar transport in stems, we examined whether it showed phenotypes similar to those of pin1. The ifl1-1 allele has previously been shown to have pleiotropic phenotypes, including long stems, dark green leaves with delayed senescence, and reduced numbers of cauline leaves and branches (Zhong et al., 1997) . When the ifl1-1 plants were grown in the greenhouse, their inflorescence stems could grow up to approximately 80 cm in height. In contrast, inflorescence stems of the wild type arrested growth when they reached approximately 40 cm (Fig. 6A ). Like ifl1-1, the ifl1-2 plants also exhibited dark green leaves with delayed senescence and reduced numbers of cauline leaves and branches ( Fig. 6B ). However, unlike the prolonged growth of ifl1-1, the ifl1-2 allele showed pinlike inflorescence (Fig. 6 , B-D). It was typical that the ifl1-2 inflorescence meristems arrested their growth when stems reached approximately 10 cm in height. Compared with the wild type in which the inflorescence bore normal flowers ( Fig. 6E ), the ifl1-2 inflorescence was almost devoid of normal flowers (Fig. 6 , B-D). It appeared that the floral meristems were developed and produced bulges ( Fig. 6D ) or thread-like structures (Fig. 6C ). The inflorescence occasionally bore a few normal flowers or flowers lacking stamen and/or carpels. All these phenotypes exhibited by ifl1-2, including pinlike inflorescence, dark green leaves with delayed senescence, and reduced cauline leaves and branches (Fig. 6 , B-D), resemble those found in the pin1 mutant ( Fig. 6F ; Okada et al., 1991) , which was caused by the mutation in an auxin efflux carrier gene (Gä lweiler et al., 1998) . This suggests that like pin1 mutant, the visible phenotypes in ifl1 are associated with the reduced auxin polar transport.
We further examined the effect of ifl1 mutations on lateral root formation during seedling growth because a reduction in auxin polar transport in stems has been shown to lead to a delay of lateral root initiation (Lomax et al., 1995) . The ifl1 seeds germinated and produced primary roots as normally as the wild type. However, it was evident that the ifl1-2 mutant with a more severe reduction in Figure 5 . Inhibition of root growth of the wild-type (WT) and ifl1 mutants by NAA. Seeds were germinated on the agar medium containing 0, 0.1, or 1 M NAA. Root length was measured 8 d after seedling growth. Each datum is the mean values Ϯ SE of 20 roots.
auxin polar transport showed a delay of 2 to 3 d in the formation of lateral roots compared with the wild type (data not shown).
NPA-Treated Wild-Type Plants Mimic the Visible Phenotypes Exhibited by ifl1
To confirm that the visible phenotypes exhibited by ifl1 were caused by reduced auxin polar transport, we tried to reduce the auxin polar transport in the wild type by treatment with NPA and then examined whether they displayed any visible phenotypes similar to ifl1. Wild-type plants grown under high con-centrations of NPA showed stunted growth and their inflorescence did not bore normal flowers (data not shown; Okada et al., 1991) , a phenotype similar to that of the ifl1-2 allele that had a severe reduction in auxin polar transport ( Fig. 2A) . When wild-type plants grew under a low concentration of NPA, their main inflorescence showed more vigorous growth than those without NPA treatment (Fig. 7A) , a phenotype resembling that of the ifl1-1 allele, which had a lesser reduction in auxin polar transport ( Fig. 2A) . Furthermore, wild-type plants treated with NPA exhibited reduced number of secondary rosette inflorescence, reduced number of cauline branches and leaves, and greener stems and leaves with delayed senescence (Fig. 7C ) compared with the wild type without NPA treatment (Fig. 7B ). All these visible phenotypes were similar to those exhibited by ifl1-1 (Fig. 7D ). In addition, quantitative assay of chlorophyll contents in leaves and stems showed that chlorophyll levels in leaves and stems of the wild type treated with NPA were similar to those in ifl1-1, which was approximately 60% more than those in wild type without NPA treatment (Fig. 8, A and B) . Taken together, these results indicate that the reduction in auxin polar flow along the inflorescence stems of ifl1 is most likely the direct cause for the pleiotropic visible phenotypes.
ifl1 and Senescence
One of the prominent visible phenotypes of the ifl1 mutants was that their leaves remained green for a prolonged period and did not senesce as early as the wild type (Fig. 9A) . To investigate whether the delay of leaf senescence was caused by the alteration in the auxin polar transport activity or by inhibition of senescence program due to the ifl1 mutations, we analyzed the senescence rate of detached leaves. It has been shown that darkness or the plant hormone abscisic acid (ABA) enhances the senescence of detached leaves (Chung et al., 1997) . It was evident that leaves of the wild type and ifl1-1 senesced at the same rate under darkness or ABA treatment (Fig. 9, C and  D) . These results indicate that the ifl1 mutations did not cause any changes in the senescence program. Because NPA treatment causes delayed senescence, the delayed leaf senescence in the ifl1 mutants is most likely due to the alteration of auxin polar transport. Figure 7 . The morphological phenotypes of ifl1 can be mimicked by growing wild-type plants in the presence of NPA. Plants were grown on solid Murashige and Skoog medium without or with the addition of 12 m NPA for 7 weeks and were observed for their phenotypes. A, Morphology of wild type (left), wild type grown in the presence of NPA (middle), and ifl1-1. It was evident that ifl1-1 and NPA-treated wild type showed greener leaves and fewer cauline branches and secondary rosette inflorescence compared with the wild type. B, Close-up of the rosette of the wild type showing yellow leaves, cauline branch (arrowhead), and secondary rosette inflorescence (arrow). C, Close-up of the rosette of the NPA-treated wild type showing dark green and curling leaves and a lack of cauline branches and secondary rosette inflorescence. D, Close-up of the rosette of ifl1-1 showing dark green and curling leaves and a lack of cauline branches and secondary rosette inflorescence.
Figure 8.
Chlorophyll content in the leaves and stems of the wild type (WT) and ifl1-1. Fresh leaves and stems were extracted in ethanol and the extracts were measured for chlorophyll content spectrophotometrically. Chlorophyll content was calculated based on fresh weight of leaves or stems. A, Measurement of chlorophyll content in leaves. B, Measurement of chlorophyll content in stems. ifl1-1 and wild type grown in the presence of NPA had much higher chlorophyll level than the wild type.
Effects of NPA on Interfascicular Fiber Differentiation
The above results demonstrated that the ifl1 mutations caused the reduced auxin polar flow in the inflorescence stems, thereby resulting in the pleiotropic visible phenotypes of ifl1. To investigate whether a reduction in auxin polar flow could have any effect on interfascicular fiber differentiation, we examined the formation of interfascicular fibers in the inflorescence stems of wild-type Arabidopsis plants grown in the presence of the auxin polar transport inhibitor NPA. In the 7-week-old wild-type plants without NPA treatment, interfascicular fiber cells were evident only in the basal part (Fig. 10E ), but not in the top (Fig. 10A) and middle (Fig. 10C ) parts of stems. Figure 9 . Senescence of wild-type and ifl1-1 leaves. Rosette leaves were detached from plants and incubated in liquid medium for test of senescence under darkness or treatment of ABA. At left is the wild type and at right is ifl1-1. A, Natural senescence of rosette leaves of 7-weekold plants. Although wild-type rosette leaves became yellow and dying (left), leaves of ifl1-1 (right) remained dark-green and alive. B, Freshly detached leaves displaying dark green color. C, Promotion of leaf senescence by treatment of ABA. It was evident that leaves of wild type and ifl1-1 were yellowing after treatment with ABA for 3 d. Leaves without ABA treatment remained green after 3 d of incubation (data not shown). D, Promotion of leaf senescence by darkness. It was obvious that leaves of wild type and ifl1-1 were yellowing after darkness treatment for 7 d.
Inthe wild-type plants treated with NPA, no changes in the interfascicular regions were seen in the top part of stems (Fig. 10B ). However, a dramatic alteration in the interfascicular fiber differentiation was observed in the middle and lower parts of stems. In the middle part of stems from plants treated with NPA, two layers of fiber cells next to the endodermis were prominent (Fig. 10D) , whereas no fiber cells had differentiated in that from plants without NPA treatment (Fig. 10C ). In the lower part of stems from plants treated with NPA, fiber cells were absent in some interfascicular regions (Fig. 10F ). It was also noted that some interfascicular regions had fibers next to the endodermis, whereas others developed Figure 10 . Alteration of interfascicular fiber differentiation by treatment with the auxin polar transport inhibitor NPA. Plants were grown on the Murashige and Skoog medium with or without NPA. Inflorescence stems of 7-week-old plants were divided into three equal segments and the middle parts of stem segments were sectioned and stained with toluidine blue for anatomy. A and B, Sections from the top segments from plants grown on the medium without (A) or with (B) NPA. No secondary wall thickening was seen in the interfascicular cells. C and D, Sections from the middle segments from plants grown on the medium without (C) or with (D) NPA. Although interfascicular cells in plants treated with NPA (D) showed secondary wall thickening, those in plants without NPA treatment (C) did not. E and F, Sections from the basal segments from plants grown on the medium without (E) or with (F) NPA. Interfascicular fibers were evident in plants without NPA treatment (E), whereas some interfascicular regions in plants treated with NPA (F) were devoid of fibers (arrow and arrowhead) or had ectopic sclerification of interfascicular cells. e, Endodermis; if, interfascicular fiber; p, phloem; s, sclerenchyma; x, xylem. Bar (A) ϭ 5 m (A-F).
sclerified cells a few layers away from the endodermis (Fig. 10F ). This was in contrast with wild-type plants without NPA treatment in which one to two layers of fiber cells next to the endodermis were uniformly formed in all interfascicular regions of the basal stems. Although the auxin polar transport inhibitor NPA has various effects on the interfascicular fiber formation at different parts of stems, the results indicate that the normal auxin polar flow is essential for the normal differentiation of interfascicular fibers.
DISCUSSION
IFL1/REV encodes an HD-ZIP protein, which has been shown to be expressed in interfascicular cells and vascular bundles. Mutation of IFL1/REV not only abolishes the normal differentiation of interfascicular fibers, but also alters secondary xylem differentiation. Because auxin is known to be an inducer for differentiation of vascular bundles and fibers, it has been suggested that IFL1/REV might influence genes involved in auxin polar flow along the vascular and interfascicular regions or influence genes involved in the transduction of hormonal signals leading to vascular and interfascicular fiber differentiation (Zhong et al., 1997; Zhong and Ye, 1999) . Our finding that the ifl1 mutations dramatically reduce auxin polar flow along the inflorescence stems favors the former hypothesis that IFL1/REV might influence auxin polar flow, which might in turn affect the differentiation of interfascicular fibers and secondary xylem. This also provides the first evidence that mutation of an HD-ZIP protein affects auxin polar transport.
IFL1/REV Influences Auxin Polar Flow in the Inflorescence Stems
The available evidence suggests that the reduction in auxin polar flow in the inflorescence stems of the ifl1 mutants is caused directly by the ifl1 mutations rather than indirectly by altered anatomy. First, the stems used for auxin polar transport assay were from the top parts of stems in which no fibers were present in wild type and ifl1. In addition, the interfascicular regions of ifl1 stems have the same layers of cells as in the wild type. This eliminates the possibility that the reduced auxin polar flow might be caused by the absence of fibers or lack of interfascicular cells in ifl1. Second, the ifl1 mutations reduced auxin polar transport in the hypocotyl cells in which no fibers were present. Third, simple alteration of the organization of vascular bundles and fibers may not alter auxin polar transport in stems, as demonstrated in the avb1 mutant (Zhong et al., 1999) . The avb1 mutation resulted in a global alteration of vascular organizations in stems. It not only transformed the collateral vascular bundles into amphivasal bundles, but also disrupted the normal ring-like arrangement of vascular bundles in the stele. However, no alteration in the auxin polar transport activity was detected in avb1 stems compared with wild type (Zhong et al., 1999) . Taken together, these lines of evidence indicate that IFL1/REV is essential for normal auxin polar flow along the inflorescence stems of Arabidopsis.
There could be two possible mechanisms for IFL1/ REV's function in auxin polar transport. One is that IFL1/REV might influence gene expression of some auxin efflux carriers. This possibility is supported by the observation that the expression level of two auxin efflux carrier genes was significantly reduced in the null mutant allele ifl1-2 (Fig. 3) . The other possibility is that IFL1/REV might affect gene expression of other proteins involved in auxin polar transport. It has been proposed that auxin efflux carriers are composed of at least two separate subunits, one of which contains the site for NPA binding (Wilkinson and Morris, 1994; Dixon et al., 1996) . Genetic analysis has demonstrated that a reduction in NPA-binding activity in tir3 mutant results in a decrease in auxin polar transport (Ruegger et al., 1997) . Since ifl1 mutation caused the reduced NPA binding to plasma membranes, it is likely that IFL1/REV might affect the expression of NPA-binding proteins that are essential for auxin polar transport (Wilkinson and Morris, 1994; Dixon et al., 1996) . Identification of the IFL1/ REV target genes involved in auxin polar transport will help us to understand the mechanisms controlling auxin polar transport.
Does IFL1/REV Regulate Auxin Polar Flow in a Tissue-Specific Pattern?
One important question is whether IFL1/REV influences the global auxin polar flow or only auxin polar flow through a specific tissue. The available data suggest that IFL1/REV most likely controls auxin polar flow in some specific tissues. The main defect of the ifl1 mutations is the disruption of interfascicular fiber differentiation. This phenotype is completely different from other known Arabidopsis mutants that are defective in auxin polar transport in the stems (Bennett et al., 1995; Carland and McHale, 1996; Przemeck et al., 1996; Ruegger et al., 1997; Gälweiler et al., 1998; Hardtke and Berleth, 1998) . For example, pin1 (Gälweiler et al., 1998) and mp (Przemeck et al., 1996; Hardtke and Berleth, 1998 ) mutants developed interfascicular fibers at the normal positions although both of them exhibited a dramatic reduction in auxin polar transport in the stems. Both mutants have been shown to have major effects on vascular differentiation. This indicates that multiple auxin polar flow paths exist in the inflorescence stems of Arabidopsis, and they are regulated by different regulatory mechanisms. Analysis of the gene expression patterns of putative auxin efflux carriers in ifl1 further suggests that IFL1/REV affects an auxin polar flow path different from that contributed by PIN1 because the ifl1 mutations did not affect the IFL1/REV and Auxin Polar Transport expression of PIN1 (Fig. 3) . IFL1/REV appears to affect an auxin flow path that is important for the differentiation of interfascicular fibers and secondary xylem.
It was found that two putative auxin efflux carrier genes PIN3 and PIN4 had a much lower expression level in ifl1-2 compared with the wild type. This suggests that down-regulation of the expression of these two carriers might at least account for some of the reduction of auxin polar transport observed in ifl1-2. However, no significant alterations in the expression level of these two carriers were found in ifl1-1 (Fig. 3) . The differential effects of the ifl1-1 and ifl1-2 mutations on the expression of these two carriers are consistent with the nature of their mutations (Zhong and Ye, 1999) and the magnitude of reduction in the auxin polar transport activity ( Fig. 2A) . However, how can one explain the reduction in auxin polar transport activity exhibited by ifl1-1? It is possible that an unknown auxin efflux carrier might be repressed in the ifl1 mutants, which accounts for the reduced auxin polar transport in ifl1-1. The other possibility is that components other than auxin efflux carriers, which are essential for normal auxin polar transport, might be affected by the ifl1 mutations. The exact mechanisms responsible for the alteration of auxin polar flow by the ifl1 mutations await for the characterization of the IFL1/REV target genes.
Alteration of Interfascicular Fiber and Vascular Differentiation in ifl1 Might Be Caused by Reduced Auxin Polar Flow
The finding that IFL1/REV influences auxin polar flow in the inflorescence stems is consistent with the phenotypes exhibited by the ifl1 mutations. The ifl1 mutations completely disrupted normal differentiation of interfascicular fibers and also reduced secondary xylem differentiation in vascular bundles (Zhong et al., 1997; Zhong and Ye, 1999) . Because fiber and vascular tissues are induced along the paths of auxin polar flow, it is conceivable that a reduction in auxin polar flow in the ifl1 stems most likely accounts for the alteration of interfascicular fiber and vascular differentiation. The expression pattern of the IFL1/ REV gene is also correlated with the roles of IFL1/ REV in possible regulation of auxin polar flow along interfascicular and vascular regions. It is likely that IFL1/REV is essential for auxin polar flow in the interfascicular regions because the ifl1 mutations completely abolish normal differentiation of interfascicular fibers. IFL1/REV is also likely involved in auxin polar flow in vascular bundles because the ifl1 mutations reduce normal differentiation of secondary xylem (Fig. 11) .
The finding that the ifl1 mutations reduce auxin polar flow along the stems can also explain the differential effects of the different ifl1 mutations on the interfascicular and fascicular activities. It has been found that some interfascicular cells other than the cells normally destined to become fiber cells are sclerified in the upper parts of ifl1-1 stems, whereas this does not happen in the lower parts of the stems (Fig. 1; Zhong et al., 1997) . The ifl1-1 mutation was also shown to have much more dramatic effect on secondary xylem differentiation in the lower parts of stems than in the upper parts (Fig. 1; Zhong and Ye, 1999) . Both of these phenotypes could be explained by insufficient flow of auxin from the top to the basal parts of stems in the ifl1-1 mutant.
Visible Phenotypes Exhibited by ifl1 Are Most Likely Caused by an Overall Reduction in Auxin Polar Flow
Although the ifl1 mutations cause a disruption in the differentiation of interfascicular fibers, a phenotype completely different from other mutants with defects in auxin polar transport, they do show many visible phenotypes similar to those exhibited by an auxin polar transport mutant pin1 (Okada et al., 1991; Gälweiler et al., 1998) . All these visible phenotypes have been displayed by the pin1 mutant, and also can be phenocopied by reducing the auxin polar transport activity in wild type with NPA treatment. Therefore, the common visible phenotypes exhibited by ifl1 and pin1 mutants are caused by an overall reduction in auxin polar transport along the stems (Fig. 11) .
It is interesting that the ifl1-1 mutant showed prolonged growth of inflorescence (Fig. 6 ), although it shared other visible phenotypes with ifl1-2. The only known physiological difference between ifl1-1 and ifl1-2 is that ifl1-1 causes a less reduction in auxin polar transport than does ifl1-2. Thus, it is likely that a moderate reduction in auxin polar transport might stimulate the activity of inflorescence meristems, allowing the prolonged growth. This is further supported by the NPA treatment experiment showing Figure 11 . A tentative explanation of the phenotypes displayed in ifl1. The finding that the ifl1 mutations dramatically reduce auxin polar transport in the inflorescence stems led us to propose that some of the observed phenotypes were likely caused by an alteration in auxin polar flow along the stems. This hypothesis was further supported by the pharmacological studies that show that most of the ifl1 phenotypes could be mimicked by the treatment of wild-type plants with NPA. that plants treated with low concentration of NPA have long main inflorescence stems and other visible phenotypes similar to ifl1-1.
NPA Treatment Disrupts the Differentiation of Interfascicular Fibers in Wild-Type Inflorescence Stems
A key issue is that whether IFL1/REV influences the auxin polar flow, which in turn regulates interfasicular fiber differentiation, or the auxin polar transport and interfascicular fiber differentiation are two independent processes affected by IFL1/REV. The available evidence suggests that the former is more likely. Early physiological studies have clearly established the roles of auxin in fiber differentiation (Aloni, 1987) , indicating that auxin polar transport is essential for normal induction of fiber formation. Analysis of IFL1/REV gene expression has shown its association with interfascicular cells (Zhong and Ye, 1999) , suggesting that the defect in auxin polar flow resulted from the ifl1 mutations must have occurred in the interfascicular cells. This also implies that the disruption of the interfascicular fiber differentiation in ifl1 might be the result of alteration in auxin polar flow.
The in vitro NPA treatment experiment further supports the role of auxin polar transport in the fiber differentiation. The differentiation of interfascicular fibers in the lower parts of wild-type stems treated with NPA was significantly altered, most likely due to the insufficient flow of auxin toward the basal stems. This phenotype somewhat resembles that observed in ifl1 stems, although NPA treatment of wild type does not completely mimic the ifl1 phenotype. The different effects on fiber differentiation by NPA treatment and ifl1 mutations might reside in the nature of their actions. The ifl1 mutations might cause a dramatic reduction in auxin polar flow in the interfascicular regions so that normal fiber differentiation in this region is completely abolished. NPA is uptaken by roots and transported to shoots through xylem, where it can bind to NPA-binding proteins and affect auxin polar transport activity. However, insufficient amount of NPA might be transported to the interfascicular regions to cause a complete block of fiber differentiation. This is consistent with the phenotypes resulted from NPA treatment such as reduced number of vessel elements in the vascular bundles of the basal stems. In contrast, fiber differentiation in the upper parts of stems was actually enhanced, probably due to the availability of more auxin diverted from the vascular bundles to the interfascicular regions ( Fig. 10 ; Mattsson et al., 1999) .
However, NPA must have effectively blocked auxin polar flow toward the basal parts of stems because interfascicular fiber differentiation is significantly inhibited in the basal parts. This resembles the effects of mechanical block of auxin polar flow on fiber differentiation (Aloni, 1976) . It has been shown that block of auxin flow in a specific region of coleus stems with paraffin prevents fiber differentiation in the tissues directly below the paraffin, but causes more fiber differentiation in the tissues above and lateral to the paraffin probably due to the accumulation of more auxin above the paraffin. Taken together, these results demonstrate that the normal polar flow of auxin is essential for normal differentiation of interfascicular fibers in the inflorescence stems of Arabidopsis.
In conclusion, we have shown that IFL1/REV, an HD-ZIP protein, is essential for the normal auxin polar transport and interfascicular fiber differentiation in the inflorescence stems. The finding that IFL1/REV influences auxin polar flow along the stems directly links IFL1/REV function to the early physiological studies regarding the role of auxin flow in fiber differentiation. We have recently found that overexpression of IFL1/REV leads to the promotion of secondary xylem formation in interfascicular and fascicular regions (R. Zhong and Z.-H. Ye, unpublished data), which further supports the possible role of IFL1/REV in influencing auxin polar flow. Further analysis of IFL1/REV functions will help us to understand the molecular links between auxin polar transport and fiber differentiation.
MATERIALS AND METHODS
Plant Materials
Mutants ifl1-1 (previously named ifl1) and ifl1-2 were described previously (Zhong et al., 1997; Zhong and Ye, 1999) . The pin1 mutant seed was from Arabidopsis Biological Resource Center (Columbus, OH).
Histology
Arabidopsis stem segments were fixed in 2% (w/v) glutaraldehyde in phosphate-buffered saline (33 mm Na 2 HPO 4 , 1.8 mm NaH 2 PO 4 , and 140 mm NaCl, pH 7.3) solution at 4°C overnight. After fixation, segments were dehydrated in ethanol and were finally embedded in paraffin. Thin sections were prepared and stained with toluidine blue for anatomy.
Auxin Polar Transport Assay
The upper parts of inflorescence stems of 6-week-old plants were used for auxin polar transport assay as described by Okada et al. (1991) . The stem segments used were at the elongating regions and they had not developed interfascicular fibers as examined with phloroglucinol HCl staining. The upper ends (relative to the apex of inflorescence) of the stem segments (2.5 cm in length) were submerged in the Murashige-Skoog medium (Murashige and Skoog, 1962) containing 1.5 m of [ 3 H]IAA (American Radiolabeled Chemicals, St. Louis). After incubation for various times, the opposite ends of the segments were cut and counted for the presence of radioactivity in a liquid scintillation counter. Non-polar transport of auxin in the segments was determined by addition of NPA (Chem Service, West Chester, PA) in the medium or placement of the stem segments in a reverse orientation in the medium.
Auxin efflux in hypocotyls was assayed according to Bernasconi (1996) and Garbers et al. (1996) . In brief, 10 2-mm long hypocotyl segments from 10 individual seedlings were incubated in a 5 mm phosphate buffer containing 1% (w/v) Suc and 1 m [ 3 H]IAA in the presence or absence of 6 m NPA. After 2 h of incubation, the segments were rinsed and then incubated for 2 h in the same buffer without IAA. After rinse, the segments were placed in the scintillation fluid and counted for the radioactivity.
NPA-Binding Assay
Inflorescence stems of 6-week-old wild-type and ifl1-1 plants were used for isolation of plasma membranes as described by Widell and Larsson (1981) and Muday et al. (1993) . ifl1-2 plants were not included for the assay because they produced few seed and no enough ifl1-2 stems were available for the membrane isolation. Plasma membranes were assayed for NPA-binding activity according to Muday et al. (1993) . In brief, isolated plasma membranes at the amount of 40 g of proteins (in 200 L of reaction mixture) were incubated with [ 3 H]NPA (American Radiolabeled Chemicals) in a range of 1 to 10 nm. After incubation, the membranes were filtered through GFB filter (Whatman, Clifton, NJ) pretreated with 0.3% (w/v) polyethylenimine, washed, and counted for radioactivity in a liquid scintillation counter. The background binding was assayed by incubation of the reaction mixtures in the presence of 50 m unlabeled NPA.
Gene Expression Analysis
Total RNA was isolated from the inflorescence stems of 6-week-old plants or 1-week-old seedlings. The expression level of auxin efflux carrier genes was analyzed with RT-PCR. In brief, 1 g of total RNA was treated with DNase and used for first strand cDNA synthesis. One-tenth of the synthesized cDNA was PCR-amplified for 20 cycles with gene-specific primers corresponding to auxin efflux carrier genes. The PCR products were separated on an agarose gel and transferred onto a nylon membrane. The membrane was hybridized with digoxigenin-labeled auxin efflux carrier gene probes and the hybridized signals were detected with the chemiluminescent detection kit (Roche Molecular Biochemicals, Indianapolis) following the manufacturer's protocol.
Gene-specific primers were designed according to the non-conserved regions of putative auxin efflux carrier genes. Primers were tested to ensure that they specifically amplified the corresponding cDNAs. The information on PIN1 gene was from Gälweiler et al. (1998) . A search of the GenBank database revealed five additional PIN-like genes with high amino acid sequence similarity to PIN1. These PIN-like genes were present in the following bacteria artificial chromosome clones: F15H11 (GenBank accession no. AC008148; its cDNA was named PIN3), T26J12 (AC002311; PIN7), F22K20 (AC002291; PIN6), F2I9 (AC005560; PIN4), and MQK4 (AB005242; tentatively named PIN8).
NAA and NPA Treatment of Wild-Type and ifl1 Plants
Wild-type and ifl1 plants were grown on the Murashige-Skoog medium in a growth chamber at 24°C under a 16-h light and 8-h dark photoperiod. To test the root sensitivity to NAA, plants were grown in the medium containing NAA at concentrations of 0, 0.1, 1, and 10 m. The root length was measured after 8 d of growth. For inhibition of auxin polar transport, NPA was added in the medium at a concentration of 6, 12, 25, or 50 m. Wild-type plants grown in the medium containing 50 m NPA were stunted and showed pin-like inflorescence. Wild-type plants treated with 12 m NPA grew vigorously, and were used for the comparative analysis with ifl1-1 plants.
Chlorophyll Measurement
Rosette leaves and main inflorescence stems were collected and weighed for their fresh weight. Chlorophyll was extracted with ethanol and its content was assayed based on the absorbance of the extract at 645 and 663 nm (Wintermans and De Mots, 1965) .
Leaf Senescence Assay
Leaves from rosettes of 5-week-old plants were detached and incubated in incubation medium [3 mm 2-(Nmorpholino) ethanesulfonic acid, pH 5.8]. The leaves were kept under light or total darkness and were observed for discoloration. For ABA treatment, leaves were incubated in the incubation medium containing 50 m ABA, and kept under light (Chung et al., 1997) .
